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As energetic particles diffuse out of radio and star-forming galaxies (SFGs), their intracluster
density builds up to a level that could account for a substantial part or all the emission from a
radio halo. We calculate the particle time-dependent, spectro-spatial distributions from a solution
of a diffusion equation with radio galaxies as sources of electrons, and SFGs as sources of both
electrons and protons. Whereas strong radio galaxies are typically found in the cluster (e.g., Coma)
core, the fraction of SFGs increases with distance from the cluster center. Scaling particle escape
rates from their sources to the reasonably well determined Galactic rates, and for realistic gas
density and magnetic field spatial profiles, we find that predicted spectra and spatial profiles of
radio emission from primary and secondary electrons are roughly consistent with those deduced
from current measurements of the Coma halo (after subtraction of emission from the relic Coma A).
Nonthermal X-ray emission is predicted to be mostly by Compton scattering of electrons from radio
galaxies off the CMB, whereas γ-ray emission is primarily from the decay of neutral pions produced
in interactions of protons from SFGs with protons in intracluster gas.
PACS numbers: 98.54, 98.65.Cw, 98.70.Sa
I. INTRODUCTION
A quantitative study of energetic particles (‘cosmic
rays’) and magnetic fields in galaxy clusters is motivated
by the need for a more complete physical description of
these systems, and for improved knowledge of the origin
of non-thermal (NT) quantities in extragalactic environ-
ments. Current and future measurement capabilities ne-
cessitate fairly detailed modeling of energetic particles,
their origin and impact on the properties of intracluster
(IC) gas.
Direct evidence for the presence of relativistic elec-
trons in IC space is presently limited to measurements
of extended regions of radio emission, ‘halos’ and relics,
which have already been observed in many clusters [1].
Mapping these extended low brightness regions is quite
challenging due to the inherently imprecise process of
subtracting out the emission from many galactic radio
sources. Searches for NT X-ray emission have not yet
yielded conclusive results (e.g., [2]). Analysis of super-
posed Fermi/LAT measurements of 50 clusters yielded an
upper limit on the mean emission above ∼ 100 MeV [3].
Radio measurements provide direct evidence for accelera-
tion of electrons in SN shocks, whereas recent Fermi/LAT
measurements [4] reveal the signature of acceleration also
of protons, whose interactions with ambient protons pro-
duce neutral pions (π0) which decay into two (≥ 70 MeV)
photons, giving rise to the ‘pion bump’ in the measured
spectra. Since energetic electrons and protons do not
lose all their energy while diffusing out of their galactic
sources, star-forming galaxies (SFGs) are likely to con-
tribute appreciably to their respective extragalactic en-
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ergy densities. While the sources of the radio emitting
electrons have not yet been fully identified these clearly
include also radio galaxies.
It has been suggested long ago that the (typically)
transonic motion of galaxies through IC plasma excites
turbulence that may re-accelerate particles, maintaining
electron populations that could explain the observed ra-
dio halos [5]. The main focus has been in merger and ac-
cretion shocks as particle acceleration sites (e.g., [7], [6]).
Particle acceleration by mildly supersonic shocks in the
dilute IC gas is not fully understood, and the efficiency
of conversion of kinetic to particle energy is substantially
uncertain.
There is considerable motivation to model NT phenom-
ena under typical conditions in most clusters. Realistic
estimates of the emission from particles originating in
SFGs yield lower limits on IC emission. Together with
direct emission from the galaxies, a minimal level of the
cluster total emission is obtained. Adding the emission
from SFGs to the similarly deduced emission of strong
radio galaxies yields the total galactic and IC emission.
A basic issue is whether the combined emission from all
galactic sources can fully account for emission from a
cluster radio halo. This important consideration has ob-
vious implications for the need to assume efficient particle
re-acceleration in IC space.
The above considerations warrant a detailed assess-
ment of galactic origin for energetic particles in clus-
ters, our main objective here. In Section 2 we calculate
particle spectra from SF and central radio galaxies, and
present results of the calculations for the particle radia-
tive spectra in Section 3. A brief discussion follows in
Section 4.
2II. PARTICLE DISTRIBUTIONS
Particles random-walk through the magnetized IC gas
with their propagation likely controlled by magnetic field
inhomogeneities, quantified by the field coherence scale
denoted by l, and an implied diffusion coefficient D =
lc/3. The particle time-dependent, spectro-spatial dis-
tribution is governed by the spherical diffusion equation
[8]
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where f(r, t, γ) denotes the spectral particle density at
time t, γ is the particle Lorentz factor, b(γ) = −dγ/dt is
the energy loss rate, and Q(r, t, γ) ∝ δ(r)δ(t − t0)δ(γ −
γ0) is a source term for initial injection of monoenergetic
particles at r = 0, expressed as the product of Dirac delta
functions in r, t, and γ. For a (functionally) separable
spectral dependence of the source term, q(γ), the solution
can be obtained from the Green function in r and t [8]
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where γt is the initial value of the Lorentz factor that
reduces to γ after a time t =
∫ γt
γ
dx/b(x), during which
the particle diffuses a distance rd = 2
√
Dt.
The superposed contributions of sources at positions−→ri to the particle distribution function at time to and
observation point −→ro is
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where h(ri) is the source density
1 at radial position ri,
and tm is the lowest injection time over which a parti-
cle initial energy γt → ∞ is reduced to γ. In spherical
coordinates,
(−→ro − −→ri )2 = r2o + r2i − 2rori
× [sin θo sin θi cos (φo − φi) + cos θo cos θi] .
(4)
Assuming a spherically symmetric source distribution,
the spectral density at −→ro is independent of the angu-
lar variables; by setting θo = φo = 0 and integrating over
1 Cluster galaxies (excluding a galaxy at the dynamical center)
move substantial distances during characteristic times they are
active sources of energetic particles; thus, their density can be
approximated by a continuous function
θi and φi we obtain
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Substituting the particle escape and energy loss rates
(specified below) in the above equation fully determines
the time-dependent, spectro-spatial distribution. We
treat separately the evolution of electrons and protons
from the very extended distribution of SFGs and that of
electrons from strong radio sources in the cluster core.
A. Electrons from Central Radio Galaxies
In many radio halo clusters there are dominant radio
galaxies within the core region, and a population of ellip-
tical radio galaxies whose distribution is centrally peaked.
For modeling simplicity, we consider the case when there
are no strong radio sources outside the core and the to-
tal contribution of radio galaxies outside this region can
be ignored. Due to the special location of the central
(AGN-powered) radio galaxies the period of their activity
(which is likely to be sustained by accretion and merg-
ers), either continuously or intermittently, is longer than
a typical lifetime of a radio galaxy. During this period
radio sources that are not at the dynamical center move
substantial distances across the cluster core. Therefore,
we model these galaxies as a spatially uniform core com-
ponent with a source term that is scaled to their total
radio luminosity and the mean value of their magnetic
field.
B. Electrons & Protons from Star-Forming
Galaxies
The close link between high-mass stars and particle ac-
celeration provides a basis for estimating the total num-
ber of Galaxy-equivalent SFGs, Ns, from the ratio of
the cluster blue luminosity to the blue luminosity of the
Galaxy. In the Coma cluster this ratio is ∼ (1− 2)× 102;
we scale Ns to the lower value. Due to the consider-
able evidence for star formation in some S0 and elliptical
galaxies (e.g., [9]), Ns is not simply the number of spiral
galaxies.
The radial distribution of the fractional number of
SFGs can be derived from their measured fraction in
a compilation of 55 clusters [10]. Up to a projected
distance R∗ ∼ 2 Mpc the measured fraction is well fit
by a1b∗/(a2 + b∗), where (a1, a2) ∼ (0.6, 0.4), and b∗ is
the projected distance. Assuming cylindrical symmetry
about the los through the cluster center, the continuum
limit of the SFG density, h(r), can be calculated from an
3inverse Abel transform,
h(r) =
Ns
4π
a3 + a4r
r2 + a5r3 + a6r4
[∫ R
0
a3 + a4r
1 + a5r + a6r2
dr
]
−1
,
(6)
with (a3, a4, a5, a6) ∼ (−.01, .43, .69, .28).
Energetic protons interacting with ambient IC nuclei
produce both charged and neutral pions; the former pro-
duce secondary electrons and positrons whose spectral
density can be derived from the spectral density of ener-
getic protons using [11].
fπ(Eπ) =
2
3
∫
∞
Eth
fp(Ep)fπ(Eπ, Ep)dEp, (7)
where Ep is the (total) proton energy in GeV,
Eth=1.22 GeV is the threshold for pion creation,
fp(Ep) is the proton distribution, and fπ(Eπ, Ep) =
4cnp(r)ξ(Ep)σ
π
pp(Ep)δ(Ep−4Eπ) is the pion distribution.
Here, np(r) is the target nucleon density, ξ(Ep) ≈ 2 is
the hadronic reaction multiplicity, and σπpp(Ep) is the
cross section for pion production, calculated using an
analytical fit [12]. Substituting fπ(Eπ , Ep) in Eq. (7),
then yields fπ(r, Eπ) = 16cnp(r)σ
π
pp(4Eπ)fp(4Eπ).
For a proton escape rate qp(γp) = q0,pγ
−δp
p , with
spectral index δp, the pion distribution expressed in
terms of the pion Lorentz factor becomes fπ(r, γπ) =
0.74N0,pcnp(r)σ
π
pp(4Eπ) · (0.56γπ)−δp . Note that the ac-
curacy of the above treatment can be improved by using
the more detailed calculations of pion yields in p-p inter-
actions in Ref. [13]; given the considerable uncertainties
basic parameter values in our generic model, use of the
approximate relations in Ref. [11] is adequate for our
purposes here.
The distribution function of electrons produced by
charged pion decay can be approximated [14] as
fe(r, γe) = fπ(r, γe/A)/A, where A = (1/4)(mπ/me) ≈
70. Calculation of the secondary electron distribution is
carried out by tracking the protons diffusing out from
their sources to the point of electron creation, yielding
proton distributions analogous to Eq. (5), and consequent
diffusion of secondary electrons to the observation point.
Using the expression for fe(r, γe) to transform the dis-
tribution of the pions into that of pre-diffusion electrons
as f∗e (tm, γte , rm) = f
∗
π(tm, γte/A, rm)/A, and substitut-
ing the electron escape rate in Eq. (5), then yields the
distribution of secondary electrons.
C. Energy Loss Rates & Magnetic Field Profile
Energy loss processes for IC energetic electrons are
electronic (Coulomb) excitations, bremsstrahlung, and
Compton-synchrotron, with the total energy loss rate
given by
b(γ) = b0 + b1γ + b2γ
2 , (8)
where b0 ≃ 1.1×10−15(ne/10−3cm−3) s−1 is the loss rate
by electronic excitations in ionized gas [15]; ne is the IC
electron density. The coefficients of the bremsstrahlung
and Compton-synchrotron rates are [16] b1 ≃ 1.3 ×
10−18 × (ne/10−3cm−3) s−1, and b2 = 1.3 × 10−20[(1 +
z)4 + 0.1 × (B/(10−6µG))2] s−1, respectively. Compton
scattering of the electrons is by the CMB, whose en-
ergy density increases with redshift, z. The main energy
loss of energetic protons is by p-p interactions at a rate
b(γp) = np(r) c κ σ
in
ppγp, where κ ≈ 0.45 and σinpp are the
mean inelasticity and cross section in inelastic p-p inter-
actions, respectively. (Note that the above expressions
are valid for γ ≫ 1; the correct expressions at the trans-
relativistic regime can be found in [17].)
A realistic profile of the mean IC magnetic field is of
central importance for reliable calculations of the level
and spatial distribution of the halo emission. In the hot,
fully-ionized, highly electrically conductive IC gas, mag-
netic fields are likely frozen into the plasma; if so, the field
spatial dependence is expected to scale as n
2/3
e [18]. The
index in this scaling is somewhat lower, 1/2, if magnetic
energy density is in equipartition with the gas energy
density.
III. RESULTS
Electron and proton escape rates from the Galaxy
were deduced based on results obtained by Strong et
al. (2010; Ref. [19] ) from a set of diffusion and diffu-
sive re-acceleration models with different Galactic halo
sizes. From the range of values for their different mod-
els we determine average rates, qi(γ) = qi,0γ
−δi , that
are qe,0 ≃ 5 × 1045 s−1, δe = 2.5 for electrons, and
qp,0 ≃ 2.1× 1043 s−1 and δp = 2.4 for protons. As noted,
we take the number of Galaxy-equivalent SFGs to be 102.
In a 1.4 GHz survey of Coma [20], 19 elliptical radio
galaxies were identified as definite cluster members, in-
cluding the very strong NGC4869 & NGC4874 in the
cluster core. The emission of the other 17 elliptical radio
is dominated by the NGC4839 and NGC4827, which are
part of the infalling NGC4839 group in the SW region
of the cluster, the radio relic Coma A. We confine our
modeling to the nearly spherical radio halo, and since
the extended emission of Coma A is outside the central
∼ 1 Mpc radial region, we ignore the contribution of all
the 17 galaxies to the electron density. Radio emission
scales as NeB
1+α, where Ne is the total number of emit-
ting electrons and α is the radio power-law index, but
since the estimated mean magnetic fields in the extended
radio emitting regions of the two central radio galaxies
([21], 22]) are about the same as the mean Galactic field
(B ∼ 6µG), we scale the Galactic electron rate by the
ratio of the combined radio luminosity of these galaxies
to that of the Galaxy. Doing so yields a spectral escape
rate of 3 × 1048 s−1, taking δe = 2.5; in our calculations
we adopt a value that is lower by a factor of 2/3.
The distributions of electrons and protons escaping
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FIG. 1. Left panel: the total spectral radio luminosity of primary and secondary electrons from SFGs, and electrons from
central radio galaxies (solid curve); also shown are observational data compiled in Ref. [26]. Middle panel: measured and
predicted profiles of the radio brightness at 350 MHz. Dashed, dashed-dotted, and dotted curves show the profiles of radio
emission by primary and secondary electrons from SFGs, and by electrons from central radio galaxies, respectively; the solid
curve is the sum of all three contributions. The circles with error bars represent the Brown & Rudnick (2011, Ref. [27]) data
in the region r ≃ 0.04− 1.4 Mpc. It is important to realize that the 350 MHz measurements at r > 0.7 Mpc include appreciable
emission from the relic Coma A which is not included in our model. Right panel: measured and predicted profiles of the
radio brightness at 1.4 GHz. Model curves are as in the middle panel; data points are based on measurements of halo emission
by Deiss et al. (1997) (Ref. [28]).
SFGs and their yields are evolved for 6 Gyr (over which
the electron distribution is essentially in its asymptotic
steady-state), whereas for electrons from the central ra-
dio galaxies we show results for 1 Gyr, a more typical
time for their AGN-powered emission, either continu-
ously or successively. This period of activity is reasonable
given the long duration of mergers and strong tidal in-
teractions, processes that enhance particle acceleration
in galactic nuclei. Other key parameters in the calcula-
tion are the central value of the cluster magnetic field,
B0 = 6µG (somewhat lower than deduced from Faraday
Rotation measurements [23]).
A wide range of magnetic field coherence scales is ex-
pected, reflecting the varying properties of IC plasma,
with values as low as a few tenths of a kpc to ∼ 10 kpc. A
fiducial value of 1 kpc is adopted, for which D = 3×1031
cm2 s−1.
Having selected Coma (z = 0.023) as our fiducial clus-
ter, we adopt the (β-like) gas density profile used in the
analysis of Planck SZ measurements [24]
n2(r) =
n20
[1 + (r/rc)2]
3β
1
[1 + (r/rs)3]
ǫ/3
(9)
with n0 = 2.9 × 10−3 cm−3, rc ≃ 0.4 Mpc, β ≃ 0.57
rs ≃ 0.7 Mpc, and ǫ ≃ 1.3.
We calculated the spectral radio synchrotron and
Compton (in the Thomson limit) X-ray and γ-
emissivities by relativistic electrons, traversing IC fields
and scattering off the CMB, using the relevant expres-
sions in Ref. [16]. The spectral γ-ray emissivity from
neutral pion decay was calculated using the expression
in Ref. [25].
The spectral and spatial distributions of radio emis-
sion by primary and secondary electrons originating in
SFGs, and the corresponding emission by primary elec-
trons from central radio galaxies, are shown in Figure (1).
Our fiducial spectral profile seems to be somewhat flat-
ter than the trend seen in the data above ∼ 1 GHz. In
fact, a linear fit to current data yields a spectral index of
1.4 ± 0.2 (at 95% significance) that implies a somewhat
steeper spectral profile of electrons emerging from radio
and SFGs, i.e., δe ≃ 2.8, rather than the value of 2.5
adopted in our generic model. Also shown are measure-
ments of the Coma halo compiled in Ref. [26].
For a direct comparison with the profile deduced from
the 350 MHz measurements reported in Ref. [27], and
plotted in Figure 10 in Ref. [24], we convolved the
(line of sight) integrated emissivities with a gaussian 10’
(FWHM) beam. We note that the plotted 350 MHz data
were obtained by azimuthally averaging the substantially
angle-dependent emission profile (shown in Ref. [24]).
Above ∼ 0.8 Mpc, the plotted profile includes emission
from the relic Coma A, which is locally as much as a
factor ∼ 6 higher than the emission in the SE part of
the cluster. Subtracting the flux of Coma A in the the
SW 0.8-1.4 Mpc region would bring the data points ap-
preciably closer to our profile. Indeed, the profile of the
Coma halo was measured also at 1.4 GHz smoothed with
9.35’ beam) by Deiss et al. (1997, Ref. [28]), whose
data cover only the main halo region, r ≤ 1 Mpc. As
is obvious from the right panel of Figure (1), our profile
agrees well with this steeper profile that does not include
substantial emission from Coma A. Comparison of the
measured profiles demonstrates the increased significance
of the relative contribution of emission by electrons from
SFGs, clearly establishing the need for SFGs as electron
sources.
The spatially integrated 350 MHz flux from Coma is
somewhat lower than that deduced from the measured
profile, a difference that is reflected in the respective spa-
tial profiles in Figure (1), with the predicted emission
510−4 10−3 10−2 10−1 100 101 102
1032
1034
1036
1038
1040
1042
1044
1046
E (GeV)
L E
 
(er
g s
−
1 G
eV
−
1 )
 
 
SFG (primary)
SFG (secondary)
RG (primary)
SFG (pi0 decay)
FIG. 2. Spectral γ-ray luminosity from neutral pion decay
and Compton scattering of relativistic electrons off the CMB.
more pronounced in the cluster core, but this emission
falls steeply and cannot account for the measured emis-
sion beyond ∼ 0.5 Mpc. We emphasize that our aim here
is to present generic features of our approach, rather than
best-fitting model parameters to the specific Coma spec-
tral and spatial measurements. Therefore, the fact that
the predicted emission does not exactly match the obser-
vations is actually not surprising given the appreciable
range of parameter (D, B, qi) values.
Spectral γ-ray luminosity by neutral pion decay is
shown in Figure (2). The emission is spatially extended
reflecting the large diffusion radii of the parent protons.
Also shown in the figure are the spectral distributions
of X-and-γ-ray emission by Compton scattering of rela-
tivistic electrons off the CMB, whose combined power-
law spectral luminosity has a mean index of ∼ 1.3. The
emission is clearly more extended than in the radio (due
to the CMB spatial uniformity). The integrated luminos-
ity above 100 MeV, ∼ 1 × 1041 erg s−1, is mostly from
π0 decay.
IV. DISCUSSION
The approach adopted in our work is minimalistic as it
rests on known properties of galactic energetic particles,
quantitative description of their diffusion in IC space and
consequent radiative yields, thereby establishing the level
of radio emission beyond which turbulent (re)acceleration
might be needed to fully account for halo emission, if elec-
trons and protons from star-forming and other widely dis-
tributed galaxies cannot account for the relatively high
350 MHz emission measured in the outer region of the
Coma cluster. A basic result of our work is that with
either known or estimated values of these quantities, the
predicted level of the radio luminosity can be compara-
ble to the measured value. The significance of this result
rests also on the fact that we have not included any ad-
ditional sources of energetic particles, such as AGN or
radio galaxies other than NGC 4869 & NGC 4874.
Of primary importance are the proton and electron
escape fractions from a SFG, which are based on the
detailed study in Ref. [19]. Whereas for protons this
fraction is only a few percent, it is about half for elec-
trons; if anything, the calorimetric fraction is expected to
be lower due to reduced halo size of a SFG in the more
tidally interactive cluster environment. 2 Nonetheless,
the exact values of the electron escape rates from radio
galaxies are uncertain; a lower escape rate than estimated
here would reduce the level of radio emission in the core,
weakening the discrepancy with the measured 1.4 GHz
profile. The dependence of synchrotron emission on the
magnetic field, Bα+1 (∼ B2.3 for Coma) is sufficiently
steep to make the feasibility of detection of a low bright-
ness radio halo very sensitive to specific conditions in the
cluster. Our fiducial central value, B0 = 6µG, implies a
volume-averaged value of only 0.3µG across the cluster.
Extended radio emission is far less ubiquitous than X-
ray emission from IC gas. A major issue then is what
cluster evolutionary processes give rise to this emission;
suggestions abound, ranging from strong radio galaxies
and AGN as sources of energetic particles, and particle
acceleration by turbulent shocks excited by galactic mo-
tions or by merger shocks (e.g., Ref. [6] ). Various scal-
ing relations reflecting correlations between radio emis-
sion and cluster properties have been either deduced or
invoked in support of specific models. However, such re-
lations may not always be reliable due to inherent param-
eter degeneracies, reflecting the considerable coupling be-
tween respective cluster properties and evolutionary pro-
cesses. An example for this inherent limitation in testing
a specific model for the origin of extended radio emission
is the commonly advocated view that energetic particles
are accelerated by merger shocks. Indeed, during cluster
hierarchical evolution, mergers of sub-clusters can create
conditions under which shocks may have the properties
required for efficient particle acceleration. But mergers
enhance star formation in cluster galaxies, which also re-
sults in increased SN activity with the same end result of
particle acceleration; thus, a basic evolutionary process
can be generically the root cause of different models for
the origin of enhanced particle acceleration.
The predicted level of γ-ray emission from energetic
protons and electrons emanating from SFGs and ra-
dio galaxies in a Coma-like cluster is L(> 100MeV ) =
O(1041) erg s−1. A recent search for γ-rayemission from
the Coma region in the Fermi/LAT 6 yr database has not
yielded a statistically significant detection [30] ; the im-
plied upper limit on emission above 100 MeV is about an
order of magnitude higher than the level predicted here.
Obviously, this is a bound on the total emission from
2 Evidence for a relatively extended radio halo of SFGs has re-
cently been obtained [29] from a stacking analysis of 1.5 GHz
measurements of 30 nearby field galaxies.
6the Coma region, including the intrinsic emission from
all radio galaxies and SFGs. Multiplying our overall nor-
malization factor (Ns) by the total γ-ray luminosity of
the Galaxy [19] we obtain ∼ 7 × 1040 − 1 × 1041 erg s−1
for the range of models considered in the latter paper.
Also of much interest is the predicted NT X-ray lumi-
nosity due to Compton scattering of relativistic electrons
off the CMB. As shown in the right panel of Figure 2,
most of the Compton emission is predicted to be by pri-
mary electrons originating in the central radio galaxies;
the total (including contributions of electrons from SFGs)
0.02− 1 MeV luminosity is L ∼ 2.7× 1040 erg s−1. Dedi-
cated searches for NT emission above 20 keV began long
ago [31] and continued with almost all successive X-ray
satellites. Results of all these searches (e.g., Refs. [2],
[32]) yielded no unequivocal detections. For Coma, ex-
tensive RXTE measurements [33] yielded the upper limit
L(20− 80 keV ) ≤ 3× 1042 erg s−1, much higher than the
luminosity of IC electrons predicted here. However, our
estimated level is clearly a lower limit on the total cluster
emission since it does not include intrinsic emission from
galactic sources.
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